Introduction
Leishmaniasis is a vector-borne disease which is endemic in 98 countries worldwide [1] . It is caused by protozoan parasites of the genus Leishmania, which are transmitted by female sand flies of the genera Lutzomyia and Phlebotomus. Many infected individuals never develop symptoms, but those who do can exhibit various disease manifestations [2] . Visceral leishmaniasis (VL) or kala-azar is the severe form, whereby parasites infect internal organs and the bone marrow, a lethal condition if left untreated. Other disease types are restricted to the skin (cutaneous leishmaniasis, CL) or the mucosae of the nose and mouth (mucosal leishmaniasis, ML). Finally, a particular cutaneous disease sometimes develops in cured VL patients: post kala-azar dermal leishmaniasis (PKDL). Typically, VL is caused by two species: Leishmania donovani and Leishmania infantum. The latter can also cause CL, as can all other pathogenic species. Some particular species (e.g. L. braziliensis and L. aethiopica) can lead to overt ML.
As many as 20 different Leishmania species are able to infect humans, and globally there are over 1 million new disease cases per annum [1, 3] . Leishmaniasis is endemic in southern Europe, and in other European countries cases are diagnosed in travellers who have visited affected areas both within the continent and beyond. Although treatment in practice is often guided only by clinical presentation and patient history, in some cases determination of the aetiological subgenus, species complex or species is recommended for providing optimal treatment [2, 4, 5] . For example, a patient returning from South America with CL might be infected with Leishmania braziliensis, which necessitates systemic drug therapy and counselling about the risk of developing mucosal leishmaniasis in the future. The same patient could also be infected with Leishmania mexicana, which is managed by less intensive treatment and which is not associated with mucosal disease [6] . Determining the infecting species and its probable source permits selection of the a RFLP was performed on a fragment covering both ITS1 and ITS2 [14] .
b One laboratory reported the use of two separate methods. Results E and M.
For each method, the number of correct typings to species, species complex, and subgenus level are shown in different colours. In addition, the incorrect species designations are indicated, some of which identified the wrong species in the correct complex (purple bars), others placing a strain in the wrong complex (red bars). The methods or combination of methods that were used to obtain the given results are shown on top.
Figure 2
Typing results for each of the 21 strains included in study comparing (Table 1) .
For each strain, the number of correct typings at species, species complex, and subgenus level are reported. In addition, the incorrect species designations are indicated, some of which identified the wrong species in the correct complex (purple bars), others placing an isolate in the wrong complex (red bars). The strain identification by WHO code (Table 1) is given with the abscissa. Species, complexes, and subgenera are represented on top, with an indication of the New or Old World strain origin.
correct drug, route of administration (intralesional, oral systemic, or parenteral) and duration [7] .
Unfortunately, for CL it is impossible to predict the species responsible for an ulcerating lesion clinically, and the morphology of amastigotes does not differ between species. When the geographical origin of infection is known, for instance when a patient in an endemic region is treated at a local hospital, the species can be guessed often from the known local epidemiology, as species distribution follows a geographical pattern [8] . Several Leishmania typing methods have been published (reviewed in [9] ), and as a result each laboratory uses its own preferred assay. The most popular assays nowadays are those that can be applied directly to clinical samples, thereby circumventing the need for parasite isolation and culture. However, few tests have been standardised, and no commercial kits are currently available. As a result, clinical and epidemiological studies make use of various techniques, and in patient management other methods are often deployed. In this study we compare the typing performance in 16 clinical laboratories across Europe, which use a variety of methods for species discrimination. Table 3 .
After performing the respective routine typing technology, each laboratory reported its results to UKNEQAS, who forwarded these along with the randomised code in one batch to the Institute of Tropical Medicine in Antwerp for analysis. Some participants used the term 'L. braziliensis complex' when referring to the L.
(Viannia) subgenus, and where needed the reported results were adjusted. The results after these adjustments are presented in this analysis.
Genome targets for typing
The 16 laboratories used a total of five genome targets for typing (Table 4) : the internal transcribed spacer 1 of the rDNA array (ITS1), the mini-exon, kinetoplast minicircle DNA (kDNA), the heat-shock protein 70 gene (hsp70), and a repetitive DNA sequence. One laboratory reported two sets of result from two different targets, which are treated in the analysis as if they were from separate laboratories, which is why the results section describes 17 instead of 16 outcomes. The targets were analysed with PCR, generally followed by sequencing or restriction fragment length polymorphism (RFLP) analysis, as shown in Table 4 and Figure 1 . Four laboratories used in-house sequencing, while five others used the service of an external sequencing facility. PCRs based on kDNA did not require post-PCR manipulations other than gel analysis. Figure 1 indicates for each laboratory individually which method or methods were used, but not all samples were necessarily analysed with each method. Of the 16 laboratories, 11 used the ITS1 target, either applying RFLP (n=7) or sequencing (n=4). All of them based their analysis on the fragment described in [13] , except for laboratory L which used a larger region also including ITS2 [14] . Five laboratories based typing on hsp70: four (A-D) used sequencing of the F fragment described in [15] [16] [17] , while one (E) used the N fragment. Two laboratories (F and G) analysed this gene with RFLP [17, 18] . Three laboratories used sequence analysis of the miniexon gene: laboratory O [19, 20] , laboratory P [21] , and laboratory Q [22] . Two laboratories based typing partly on kDNA: laboratory K [23] , and laboratory L [24, 25] . Finally, laboratory J complemented ITS1-RFLP with RFLP analysis of a repetitive DNA sequence [26] .
Grading of results
Each individual result was graded as follows. The best ranking was given to reported species agreeing with the reference methods, whereby L. garnhami was considered a synonym of L. amazonensis [27] . Results reporting MHOM/BO/2001/CUM555 as L. braziliensis were considered correct. Although this strain belongs to a group of clearly distinguishable outliers (Table 1) , it has so far not been described as a separate species. Next were identifications that reported the species complex rather than the actual species (see Figure 2 ), and were in agreement with the reference methods. The lowest ranking of correct results was given to those identifying the subgenus, i.e. L. (Viannia) or L. (Leishmania), without specification of species or species complex. Identification errors were graded at two levels. First, some laboratories reported a species within the correct complex, but identified the wrong species within that complex. Second, some isolates were placed in an erroneous species complex altogether. A peculiar case was presented by strain MHOM/CO/88/UA316, which was L. guyanensis based on MLEE, but L. panamensis based on MLSA (Table 1) . For this strain, all results reporting either L. guyanensis or L. panamensis were considered to have identified the correct species complex.
In a next level of the analysis, the cause of erroneous typings was sought by means of in-depth assessment of the methods. The reasons for different identification outcomes of laboratories using the same methods were also identified. Sequences from laboratories that based their typing on the same genes were compared by alignment in the software package MEGA5 [28] .
Results
Results from all analyses are summarised in Figure 1 , details are available from [29] . One laboratory reported When comparing the hsp70 sequences provided by four laboratories (A-D), there were marked differences in sequence quality. Three laboratories (A, B, C) succeeded in sequencing the entire or nearly entire fragment F [17] , with few or no sequence ambiguities. The sequence sets of two laboratories (A and C) contained one insertion and one deletion relative to the other data, indicating sequence mistakes as the gene shows no size variation [15, 16] . In contrast, the quality of the fragment F sequences from one laboratory (D) was considerably lower. Sequences were largely incomplete at their 5' end and to a lesser extent at their 3' terminus, and numerous insertions, deletions, and unresolved nucleotides (nt) were present. One laboratory (E) sequenced only the N fragment [17] , but base calling quality was poor in the 40 terminal 3' nt. The consensus hsp70 sequences were deposited in GenBank ( Table 2 ).
Three laboratories (M, N, O) determined the ITS1 sequence of all isolates, while one laboratory (P) sequenced only MHOM/GF/2002/LAV003. The sequences of two laboratories (N and P) covered the entire amplified PCR product, while some of two others (O and M) were incomplete at the termini. Apart from some insertions in the sequences of one laboratory (N) and occasional unresolved nt in those of another (O), the sequences were identical, except for isolate MHOM/CO/88/UA316. Here, up to 9 nt differences were present in a 120 nt stretch.
Three laboratories (O, P, Q) determined the mini-exon sequences. For some strains the sequences of these laboratories were nearly identical, but for others large size differences of the determined fragment were seen, and deletions and nt identity discrepancies were observed. Also, many nt were not fully resolved.
Discussion
As a general observation, eight laboratories who participated in this comparison typing performance made no errors, and often laboratories using the same typing marker reported different results (Figure 1) . Two of the 'error-free' laboratories obtained the highest typing accuracy, with 20 out of 21 strains typed to the species level, and strain MHOM/CO/88/UA316 at the complex level. Using our reference methods MLSA and MLEE (Table 1) , the latter species could not be classified unequivocally, and hence results placing it in the L. guyanensis complex were regarded as correct. These two laboratories (A and B) based their typing on hsp70 gene sequencing, which was identified as one of the typing methods with the highest resolution in other comparative studies [9, 15] . One other laboratory (C) also made use of this method, but typed several strains only to the complex level. Even though the hsp70 gene often permits distinction between closely related species, separating them is not always straight-forward. For instance, some MLEE-defined L. guyanensis have the same sequence as L. panamensis [16] . Because identifying the exact species within a given complex can therefore be difficult, one laboratory (C) decided to identify the species complex rather than the exact species in case of doubt. Apparently the low sequence quality obtained by one of the participants (D) had no adverse effects on the results, probably because species-specific nt identities were not affected. The sequence quality was not influenced by the use of inhouse vs external sequencing services.
One laboratory (E) reported four mistakes based on hsp70 sequences. As opposed to laboratories A-D, the analysis was based on a smaller part of the gene, fragment N [17] , which is not suited for typing all species [15] . Nevertheless, several of these species were called based on a BLAST search in GenBank [https://blast. ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch], from which the first listed species was regarded as the final result, regardless of identical similarity scores obtained from other species. In this process some species were by chance determined correctly, while others were erroneously identified. This stresses the importance of correctly interpreting output lists generated by BLAST, because different species can have the same similarity score when the marker is too conservative for discriminating between them. To avoid such errors the species complex rather than the species itself should have been reported. On one occasion, the applied methodology even identified an erroneous complex, i.e. MHOM/ET/83/130-83 was typed as L. donovani instead of L. aethiopica, based on an erroneous annotation in GenBank. Indeed, several GenBank entries of [30] were wrongfully submitted as L. donovani, while they derived in fact from other species [16] . This illustrates the importance of critically evaluating BLAST results, and underscores the importance of an agreed reference panel of sequences from trustworthy laboratories and knowledge of the limitations of a typing marker.
The same laboratory E reported a second results set based on ITS1 sequence analysis, listed under laboratory M in Figure 1 . Again, BLAST analysis was applied, and even though ITS1 is not suitable for discriminating L. braziliensis and L. guyanensis complex species [15] , several species were reported. Except for one misclassified L. braziliensis outlier strain (Figure 2 ), species were correctly assigned by laboratory M. However, in several cases also other species showed the same similarity scores, and hence there was no ground for naming the exact species. In contrast, another laboratory (N), which also used ITS1 sequence analysis, reported L. (Viannia) strains at subgenus level with no further attempt to determine the complex or species. Thereby they respected the limitations of ITS1, although some L. (Viannia) complexes could have been identified based on their data.
The majority of study participants that used ITS1 did not sequence the target, but relied on RFLP analysis. Laboratories basing their results on this method reported some typical errors: L. tropica was mixed up with L. aethiopica; the L. donovani complex was confused with L. mexicana; unsuccessful attempts were made to separate L. infantum from L. donovani; and on one occasion L. amazonensis was identified as L. major. When digesting the PCR products with the popular enzyme HaeIII, sufficient gel resolution is needed in order not to mix up the aforementioned species, as their RFLP fragments are similar in size. In addition, contrary to what was originally published [13] , L. infantum cannot be distinguished from L. donovani [9] and therefore ITS1 can only type to the L. donovani complex, without further specification.
Two laboratories (F and G) complemented ITS-RFLP with hsp70-RFLP, and both mistook L. naiffi for L. braziliensis. This is a result of identical patterns generated from L. naiffi and many L. braziliensis strains with restriction endonucleases HaeIII and RsaI. The mistake could have been avoided by using the appropriate enzyme SduI [18] .
Only one laboratory (J) made use of a repetitive DNA sequence originally described in [31] . In combination with ITS1, 10 out of the 21 typings were incorrect, whereby seven strains were assigned to the wrong complex. Of the 10 mistakes, nine were made in the L.
(Viannia) subgenus, while the remaining error was due to the unsuccessful separation of L. infantum from L. donovani. ITS1-RFLP is not suitable for discriminating these species, and the repetitive sequence RFLP was designed for typing Old World strains, where only the L. (Leishmania) subgenus is encountered. Such mistakes once more underline the importance of knowing the limits of the typing marker chosen.
Kinetoplast DNA is primarily a useful marker to discriminate the two Leishmania subgenera, but is less suited for typing to the actual species level (reviewed in [9] ). In combination with the fact that also ITS1-RFLP does not discriminate many L. (Viannia) species, the two laboratories (K and L) using these methods reported typing mostly to the subgenus or species complex level. One of them (K) had a particularly high error rate (6/20) using these markers, probably related to the previously mentioned gel resolution problems and separation of L. infantum from L. donovani with ITS1-RFLP. In addition the laboratory used 'L. braziliensis complex / L. guyanensis complex' as a synonym for L. (Viannia), while two strains were L. naiffi and L. lainsoni.
With the mini-exon sequences, only two mistakes were reported. One laboratory (O) identified L. mexicana strain MHOM/EC/87/EC103-CL8 as L. donovani, but after disclosing the results realised a mistake in reporting, as their analysis actually did show the correct species. In a comparative analysis of four markers [15] , the mini-exon together with hsp70 were identified as the most discriminative markers worldwide, which is confirmed by the results presented here. Some species within the complexes can, however, not be resolved based on the mini-exon, as also reflected in the current analysis, where often complexes rather than species were identified.
When looking at the typing results for each of the 21 strains (Figure 2) , it is apparent that strains of the L. [9] . Also newly documented parasite species such as L. martiniquensis [32] and L. waltoni [33] , and variants as the L. braziliensis outlier [9, 12, 15, 18] further complicate the interpretation of typing results. It is therefore of utmost importance that species identification is performed with a well-documented standard operating procedure (SOP), clearly describing not only experimental procedures, but also in detail how results should be analysed, interpreted, and reported.
The current study was performed on cultured parasite isolates, so all participants received a high amount of pure parasite DNA. Yet, 8.5% errors were seen, and in four cases no result was obtained. When dealing with patient material, the amount of parasite DNA is much lower, and vastly exceeded by human DNA. As the current study did not assess the sensitivity of the methods used, it is expected that typing success based on clinical samples will be considerably lower. In view of the fact that only recognised reference laboratories participated in this study, there is a clear need for optimisation. On the other hand, in many clinical settings the suspected origin of infection can help in interpretation of typing outcomes, thereby possibly lowering the error rate.
Conclusions
There is considerable room for improvement of current Leishmania typing strategies, and inter-laboratory comparisons such as the one we conducted can contribute to enhance typing quality. Whichever the clinical need for determining the subgenus, complex, or species, and whichever the technology used in a particular setting, typing should be based on a welldefined and validated SOP designed by an expert in Leishmania taxonomy. This SOP should cover not only testing, but also analysis and interpretation procedures, and a clear description of how species should be named and reported, taking into account the limitations of each marker and technique, and the problem of resolving closely related species or occasional interspecies hybrids. Validation should be performed on a sufficient amount of reference isolates from various geographic origins to cover each species' variability. When using sequencing, sequence errors should be avoided, and a well-validated sequence reference set is recommended over BLAST analysis using GenBank, which lacks quality control. In cases where treatment is species-or complex-dependent, clinicians should be made aware of the limitations of the technology used whenever results are reported, especially when closely related species are involved. The use of real-time PCR assays developed for specific complexes or species could speed up typing and facilitate interpretation of results, but currently no globally applicable methods are available. As previously recommended [15] and also apparent from this analysis, hsp70 and the miniexon currently offer the best Leishmania typing tools world-wide, and the use of ITS1 should be restricted to the Old World. Setting up similar evaluations outside Europe, in institutes in endemic as well as nonendemic countries, would shed additional light on the quality of Leishmania typing across the globe.
